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ABSTRACT
The circumstellar (CS) environment is key to understanding progenitors of type Ia
supernovae (SNe Ia), as well as the origin of a peculiar extinction property toward
SNe Ia for cosmological application. It has been suggested that multiple scatterings of
SN photons by CS dust may explain the non-standard reddening law. In this paper,
we examine the effect of re-emission of SN photons by CS dust in the infrared (IR)
wavelength regime. This effect allows the observed IR light curves to be used as a
constraint on the position/size and the amount of CS dust. The method was applied
to observed near-infrared (NIR) SN Ia samples; meaningful upper limits on the CS dust
mass were derived even under conservative assumptions. We thereby clarify a difficulty
associated with the CS dust scattering model as a general explanation for the peculiar
reddening law, while it may still apply to a sub-sample of highly reddened SNe Ia. For
SNe Ia in general, the environment at the interstellar scale appears to be responsible
for the non-standard extinction law. Furthermore, deeper limits can be obtained using
the standard nature of SN Ia NIR light curves. In this application, an upper limit of
M˙
∼
< 10−8 − 10−7M⊙ yr
−1 (for the wind velocity of ∼ 10 km s−1) is obtained for a
mass loss rate from a progenitor up to ∼ 0.01 pc, and M˙
∼
< 10−7 − 10−6M⊙ yr
−1 up
to ∼ 0.1 pc.
Key words: Circumstellar matter – stars: mass-loss – dust, extinction – supernovae:
general.
1 INTRODUCTION
Type Ia supernovae (SNe Ia) are mature standardised can-
dles. Intrinsic dispersion of the peak absolute magnitude
can be minimised to the level of ∼ 0.15 magnitude or
even smaller, and can be accurately used as a cosmolog-
ical distance indicator (Phillips et al. 1999). However, this
standardisation generally requires a non-standard extinction
law, i.e., RV ≡ AV /E(B−V ) ∼
< 2, as opposed to the typical
galactic value of RV ∼ 3.1 (e.g., Folatelli et al. 2010). This
indicates that the properties of dust in SN Ia host galax-
ies may be systematically different from those in our galaxy
(e.g., Phillips et al. 2013).
Alternatively, it has been suggested that multiple scat-
terings of SN photons on circumstellar (CS) dust may ex-
plain the non-standard nature of the reddening law (Wang
⋆ E-mail: keiichi.maeda@kusastro.kyoto-u.ac.jp
2005; Goobar 2008). Despite the implications that have
been discussed (e.g., Folatelli et al. 2010), researchers have
yet to find a smoking gun to test this hypothesis, apart
from the various model predictions for optical wavelengths
(Amanullah & Goobar 2011). This interpretation is also
associated with as yet unclarified progenitor evolution,
through the dense circumstellar medium (CSM) and high
mass loss rate that would be required. Qualitatively, the sce-
nario favours a so-called single-degenerate model (i.e., a pair
consisting of a C+O white dwarf and a non-degenerate star;
Whelan & Iben 1973; Nomoto 1982; Hachisu et al. 1999),
which should create a relatively dense (or ‘dirty’) CS envi-
ronment.
In this paper, we examine the effects of re-emission of
SN photons for infrared (IR) wavelengths. While the ‘scat-
tering’must be accompanied by ‘absorption and re-emission’
(a CS dust echo), this process has not been examined with
respect to the CS environment around SNe Ia (with the ex-
c© 2014 RAS
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ception of recent work that focused on the mid- and far-IR;
Johansson et al. 2013). The remainder of this paper is or-
ganised as follows. In §2, we develop a simple echo model for
CS dust heated by SN photons. In §3, we apply the method
to observed NIR SN Ia samples. We place both conservative
and deeper limits for the amount of CS dust under different
assumptions. In §4, we discuss the effects of different types
of CS dust species, as well as future observational strategies
for a better constraint on the amount of CS dust and the
environment. The paper is closed in §5 with conclusions.
2 MODELS
In this section, we present our model of CS dust echoes.
We restrict the model to absorption and re-emission pro-
cesses, not including scattering. This is justified because,
(1) given that the spectral peak of the SN light lies at opti-
cal wavelengths, the contribution of the scattered SN light
at NIR-IR wavelengths is very small, compared to that of
thermal emission from CS dust, and (2) in the distribution
of CS dust of interest in this paper, further scattering of
the re-emitted NIR/IR photons is negligible. While compu-
tational methods for an echo from spherically distributed
CS dust (e.g., Dwek 1983, 1985) and further from aspheri-
cally distributed CS dust (especially for modelling the light
echo from SN 1987A; Dwek & Felten 1989; Felten & Dwek
1989) have been developed, we assume for the sake of sim-
plicity that the distribution of CS dust is represented by an
infinitely thin shell located at radius R from the centre of
an explosion. The thin-shell approximation further simplifies
the computation as shown below. Furthermore, in providing
an upper limit for the amount of CS dust as a function of
R, the thin-shell approximation basically provides the most
conservative limit, as any spherically symmetric distribution
can be described as a convolution of different shells. Namely,
if one adds another shell at R′, that is different from R for
which the constraint is considered, then this additional shell
will increase the predicted flux without contributing to the
CS dust mass at R; therefore, the upper limit on this CS
dust mass should be reduced (i.e., the predicted flux must
be below observations).
2.1 Shell Model
Let us first consider a situation in which we observe a dust
shell with temperature T (θ) and mass Md, where θ is the
angle between the observer’s line of sight and a direction
vector pointing from the shell centre (i.e., the explosion cen-
tre) to the position of the volume element within the shell
under consideration. Then, the luminosity of the thermal
emission from dust is given as follows:
Lecho,ν =
∫
V
4piκa,νBν(T (θ))ρdV
= 2piMdκa,ν
∫ π
0
sin θBν(T (θ))dθ . (1)
Here, κa,ν is the absorbing opacity of the dust at frequency
ν. It is specified by the dust properties, which are assumed
to be uniform within the shell. Furthermore, the shell is as-
sumed to have uniform density (ρ). The above expression
can be converted into time-dependent luminosity by intro-
ducing t (the time since the explosion, measured in the ob-
server’s frame) and t′ (observer-frame time when the light
was emitted from a given volume element at θ as observed
at time t). The relationship between t and t′ is given by the
following:
t′ = t−
R
c
(1− cos θ) . (2)
Combining Eqs. (1) and (2), we obtain the following expres-
sion for the echo luminosity at time t:
Lecho,ν(t) = 2pi
c
R
Mdκa,ν
∫ t
max(t− 2R
c
,0)
Bν(T (t
′))dt′ . (3)
The temperature evolution of the CS dust at time
t, under radiative equilibrium with an incoming SN flux,
LSN,ν(t), is given by∫
∞
0
LSN,ν(t)
4piR2
κa,νdν = 4pi
∫
∞
0
κa,νBν(T (t))dν . (4)
This equation provides T (t) once the SN flux evolution is
specified. Under the condition considered in this paper, the
photon-dust collision time scale is shorter than the cool-
ing time scale of the dust by thermal radiation. Therefore,
stochastic heating is negligible, and we can assume that vir-
tually all of the dust particles have a temperature deter-
mined by radiative equilibrium.
We first compute T (t) for a given R using the above
equation. For the SN flux, we use the Hsiao template spec-
tra as an input (Hsiao et al. 2007). For the dust opacity,
we use the LMC-like dust properties as our fiducial model;
specifically, we adopt the opacity from U to Ks from Goobar
(2008) so as to be consistent with the proposed CS scatter-
ing model. We extend the opacity toward the blue (beyond
U) and red (beyond K), assuming slopes of −1.5 and −1,
respectively. Then the evolution of T (t) is used as an input
in the computations of echo luminosity and multi-band light
curves.
Because the incoming SN light peaks in optical wave-
lengths, and because the dust temperature under the situa-
tion examined in this paper is determined by the opacity in
the NIR wavelength, the treatment of the opacity below the
U -band and above the Ks-band does not substantially affect
our results. To check this, we performed two additional test
calculations: one having a slope of −2.0 below the U -band
and the other having a slope of −0.5 above the K-band
for our reference LMC dust model; these models are un-
realistically steep and flat, respectively, and thus provide a
conservative measure of the uncertainty for the treatment of
different slopes. The difference between the reference model
and the one using the different slopes (dJ , dH , dKs) is larger
for a model with a larger R. For the typical maximum dis-
tance for which a meaningful constraint is placed at differ-
ent bands (see §3), the difference in the echo magnitude is
given by dJ = −0.12 mag (for 0.03 pc), dH = −0.30 mag
(for 0.3 pc), and dKs = −0.31 mag (1 pc) for the different
slope below the U -band. For the different slope above the
Ks-band, dJ = 0.2 mag (for 0.03 pc), dH = 1.4 mag (for 0.3
pc), and dKs = 1.9 mag (for 1 pc). Therefore, in the worst-
case scenario, our echo luminosity constraint (and, thus, the
dust mass) could have an uncertainty factor of 5; however,
in most cases the uncertainty would be much smaller than
c© 2014 RAS, MNRAS 000, 1–13
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Figure 1. NIR light echo models. (a) Temperature of the CS dust (T ) as a function of the rest-frame days, in which the B-band
maximum is shown for various distances to the CS dust (R = 3.24× 10−3, 1.02× 10−2, 3.24× 10−2, 1.02× 10−1, 3.2× 10−1, 1.02, and
3.24 pc from top to bottom). In all of the models, the CS dust mass is set to 10−5M⊙. (b–d) The echo model light curves for J (b),
H (c), and Ks-bands (d) as a function of the observed days for the shell model. The colour coordinate denotes the model for different
distances to the CS dust (red for R = 3.24 × 10−3 pc, green for 1.02 × 10−2 pc, blue for 3.24 × 10−2 pc, cyan for 1.02 × 10−1 pc, and
magenta for 3.24× 10−1 pc).
this. A further discussion of the dust properties is given in
§4.1.
The resulting echo luminosity, as computed above, is for
unobscured luminosity. We now consider the optical depth
within the shell. The average optical depth is computed as
τν = κa,νρ∆R; then the NIR echo luminosity is dimmed by
this amount of absorption. The same procedure is adopted
for the model with a different geometry (see below).
2.2 Ring/torus model
The CSM around an SN Ia may be confined within the equa-
torial plane (e.g., Dilday et al. 2012), therefore we also con-
sider a torus/ring-like structure, again under the infinitely
thin assumption in the radial direction. We denote θ0 as the
opening angle of the ring, as measured from the equatorial
direction. While it is possible to derive general expressions
for an arbitrary viewing direction, hereafter, we focus on two
extreme cases: pole-on and edge-on viewing.
For an observer sitting at the pole-on position, the echo
luminosity is expressed as follows:
Lecho(t) = 2pi
c
R
Md
sin θ0
κa,ν
∫ t−R
c
(1−sin θ0)
max(t−R
c
(1+sin θ0),0)
Bν(T (t
′))dt′ .(5)
If t− R
c
(1 + sin θ0) < 0, then the integral is set to zero.
To be an explanation for the non-standard extinction
law requires R ∼
< ctpeak ∼ 5 × 10
16 cm, to introduce the
effect of scattered photons around the maximum light. An
observer in the equatorial direction does not have this con-
c© 2014 RAS, MNRAS 000, 1–13
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Figure 2. Effect of different geometries on the echo light curves. For demonstration purposes, the distance to the CS dust is fixed at
R = 0.1 pc. The reference shell model is shown in cyan (solid). The echo light curve from a ring-like CS dust distribution is shown by
red (dotted) curves for an edge-on observer (thin) and a pole-on observer (thick). The same is shown for a blob-like CS dust distribution
by blue (dashed) curves for an edge-on observer (thin) and for a pole-on observer (thick).
straint. We note that both situations should be considered
simultaneously, because there should be roughly an equal
number of edge-on and pole-on counterparts (depending on
θ0), if we adopt the ring-like geometry. Finally, the echo lu-
minosity arising from the same configuration, but viewed
edge-on, is given as follows.
Lecho,ν(t) = 2pi
c
R
Md
sin θ0
κa,ν [
∫ t−R
c
(1+cos θ0)
max(t− 2R
c
,0)
Bν(T (t
′))dt′
+
∫ t−R
c
(1−cos θ0)
t−R
c
(1+cos θ0)
2
pi
Bν(T (t
′)) sin−1
(
sin θ0
sin θ
)
dt′
+
∫ t
t−R
c
(1−cos θ0)
Bν(T (t
′))dt′] . (6)
2.3 Bipolar blob model
Another interesting possibility for the CS dust distribution is
a bipolar morphology, i.e., a pair of blobs/jets, as inferred for
some novae (e.g., Chesneau et al. 2012). Therefore, we also
consider a pair of bipolar blobs for the distribution of the CS
dust, again under the infinitely thin assumption in the radial
direction. We denote θ0 as the opening angle subtended by
each blob, as measured from the polar direction.
For an observer sitting at the pole-on position, the echo
luminosity is expressed as follows:
Lecho,ν(t) = 2pi
c
R
Md
1− cos θ0
κa,ν [
∫ t−R
c
(1+cos θ0)
max(t− 2R
c
,0)
Bν(T (t
′))dt′
+
∫ t
t−R
c
(1−cos θ0)
Bν(T (t
′))dt′] . (7)
The echo luminosity arising from the same configuration,
but viewed edge-on, is given as
Lecho,ν(t) = 2pi
c
R
Md
1− cos θ0
κa,ν
∫ t−R
c
(1−sin θ0)
t−R
c
(1+sin θ0)
(8)
×
2
pi
Bν(T (t
′)) cos−1
(
cos θ0
sin θ
)
dt′ . (9)
Similar to the case of the pole-on observer for the ring-like
CS dust distribution, a constraint is placed on the CS dust
radius if the multiple scattering model is to account for the
non-standard extinction law. For the edge-on observer of the
bipolar blob geometry, the CS dust radius must satisfy R ∼
<
ctpeak ∼ 5×10
16 cm to introduce the scattered photon effect
around the maximum light. This constraint does not apply
to the pole-on observer; however, both situations (pole-on
and edge-on) should be considered simultaneously, following
the same argument given for the ring-like geometry.
3 RESULTS
Figure 1 shows the evolution of T and the predicted NIR
(J , H , Ks) light curves for different values of R and for a
fixed value of Md (10
−5M⊙); for the light curves, only the
shell model is shown. The evolution of T closely follows the
optical light curve of SN Ia. For R ∼
< 0.01 pc, the peak tem-
perature exceeds ∼ 2, 000K; therefore, the dust may well
have evaporated, depending on the nature of the CS dust.
In such a case, essentially there should be neither scattering
nor thermal emission from the CS dust. Therefore, no con-
straint can be obtained regarding the amount of pre-existing
CS dust, and the CS dust cannot be an origin of the non-
standard extinction law toward SNe Ia. The effects of differ-
ent geometries are demonstrated in Fig. 2; light curves are
shown for the shell CSM, pole-on and edge-on views for a
ring-like CSM with θ0 = 10
◦, and pole-on and edge-on views
for bipolar blobs with θ0 = 10
◦. Throughout this paper, we
consider these geometry types for the CS dust distribution,
while adopting the shell model as our fiducial model.
The light curve evolution is similar in various NIR
bands; its time scale is basically determined by the trav-
elling time of light, and thus the CS dust at larger R results
in a longer-lived, fainter NIR echo. For small R, the trav-
elling time of light is shorter than the time scale of the SN
light curve evolution; thus in this case, the light curve re-
flects the SN light curve evolution, and the echo light curve
evolution traces the decreasing temperature of the CS dust
as a function of time. On the other hand, for large R, the
travelling time of light far exceeds the SN light curve evo-
lution time scale; therefore, the temperature evolution has
c© 2014 RAS, MNRAS 000, 1–13
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Figure 3. Examples of the light curve constraints on the CS dust mass, applied to the J-band light curve of SN 2006X (left;
Wood-Vasey et al. 2008) (also shown is the Hsiao template, represented by a black solid line) and the Ks-band light curves of SN
2003hv (right; Motohara et al. 2006). For SN 2006X, two observational light curves are shown – one being the original light curve
(crosses) and the other constructed from the residual after subtracting the template light curve (open circles; see main text). The
shell CS dust echo modelled with the maximally allowed CS dust mass are shown for select values of R (red/solid for 3.24 × 10−3 pc,
green/dashed for 1.02 × 10−2 pc, blue/dot-dashed for 3.24 × 10−2 pc, cyan/dotted for 1.02 × 10−1 pc, and magenta/dots-dashed for
3.24 × 10−1 pc). For SN 2006X, two models are shown for each R – one using the original light curve (thick, ‘C’ in the labels) and the
other using the residual light curve (thin, ‘D’ in the labels). These examples highlight the importance of good early-phase light curves to
constraint the CS dust mass at small R especially coupled with the template light curves, as well as deep late-time photometric points
preferably at longer wavelengths to constrain the CS dust mass at large R.
little influence on the shape of the light curve. Emission at
longer wavelengths is stronger for larger R, which stems from
smaller T for larger R. As such, the peak wavelength in the
thermal emission is shorter than the J-band for smaller R,
while it is even longer than the Ks-band pass for larger R.
Figure 3 shows examples of the constraint on the
amount of CS dust using the shell model. Without the dust
echo, NIR luminosities of SNe are powered by radioactive
decay of 56Co and subsequent thermalisation; the NIR spec-
tral energy distribution (SED) roughly follows a blackbody
of∼ 5, 000−10, 000 K in the early photospheric phase (∼
< 100
days), while the SED reflects the forbidden lines of Fe-peak
elements in late nebular phases (∼
> 100 days). In any case, a
conservative upper limit on the CS dust mass is obtained by
the condition that the resulting echo luminosity cannot ex-
ceed the observation at any epochs. As the echo luminosity
is proportional toMd in the optically thin regime, for a given
R, one can derive a maximally allowed value for Md. Note
that this is not a fit to the observed light curve – the echo
light curve model for small R resembles the observed light
curve to some extent, but this is because the echo evolution
follows the SN evolution for small R (see above).
The left panel of Fig. 3 shows how an early-phase light
curve (up to ∼ 100 days since the B-band maximum) can
be used to constrain the amount of CS dust. Generally, the
early phase data provide a strong constraint onMd for small
R, but lose diagnostic power for CS dust at large R. The
model prediction for small R is similar for different bands;
typically the J-band provides the deepest limit, thanks to its
extensive coverage within the NIR. We note that the I-band,
which typically has much better coverage than the J-band,
is not so useful for this purpose, as the wavelength of the
thermal emission peak is longer than that of the I-band.
The right panel of Fig. 3 shows the other extreme within
the NIR wavelengths, namely a constraint obtained through
late-time photometry in the Ks-band. Such an observation
can provide a constraint on the CS dust at large R, up to
∼ 1 pc.
By applying different models (i.e., with a different R
and geometry) to the available, observed, multi-band light
curves, a constraint can be obtained for Md as a function of
R for each SN. The light curves for different bands pro-
vide mutually independent upper limits; we adopted the
strongest limit among J , H , and Ks. The result is shown
in Fig. 4, where the method was applied to a ‘typical NIR
observation’ using the CSP sample, SN 2006X, as an ex-
ample of very intensively observed early-phase light curves,
including the Ks-band and extending to a relatively late
epoch; also shown are SNe 1998bu, 2000cx, 2001el, 2003du,
and 2003hv, for which NIR late-phase (∼ 1 year) magni-
tudes are available. It is seen that generally the strongest
constraints are obtained through the J or H-band data for
the CS dust at R ∼
< 0.1 pc, and through the Ks-band at
R ∼
> 0.1 pc.
Figure 4 also contains lines indicating various physi-
cal situations. The thick solid lines indicate the absorptive
optical depth in the B-band, which gives indication of the
likelihood that the CS dust is the origin of the non-standard
c© 2014 RAS, MNRAS 000, 1–13
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Figure 4. Conservative upper limit on the amount of CS dust as a function of R (distance to the CS dust), for the shell CSM (a), the
ring-like CSM as viewed from the equator (b) and from the polar direction (c), and the bipolar blob-like CSM as viewed from the equator
(d) and from the polar direction (e). The symbols indicate the observational sample for which the constraints are derived: CSP sample
(filled square: Folatelli et al. 2010), SN 2006X (open square: Wood-Vasey et al. 2008), SN 1998bu (filled circle: Krisciunas et al. 2003),
SN 2000cx (open circle: Sollerman et al. 2004), SN 2001el (filled triangle: Stritzinger & Sollerman 2007), SN 2003du (open triangles:
Motohara et al. 2006), and SN 2003hv (filled star: Motohara et al. 2006; Leloudas et al. 2009). For each radius and given SN, the symbol
is coloured according to the photometric band that gives the tightest constraint: J (blue), H (green), and Ks (red). The thick solid
lines indicate Md corresponding to τa(B) = 1, 0.1, and 0.01. If the origin of the dust is ‘CS’, Md would not exceed a few 0.01M⊙,
corresponding to a few M⊙ in the CSM mass (dotted horizontal line for Md = 0.03M⊙). For the CS dust to be the origin of the peculiar
extinction law, τa(B) should exceed at least 0.1 (conservatively) – the corresponding radius is indicated by the vertical dotted line, left
of which is considered to be CSM and right as ISM. The dashed vertical lines indicate the radius at which the equilibrium temperature
of the CS dust is 3,000 K, 2,000 K, or 1,000 K. Assuming a gas-to-dust ratio of 100, the equivalent steady-state mass loss rate is shown
by the thin solid lines (in unit of M⊙/10 km s−1).
extinction law (i.e., an optical depth of an order unity is re-
quired). The thin solid lines show the equivalent mass loss
rates of the progenitor systems; we adopted the dust-to-gas
ratio of 0.01 (i.e., M˙/vw = 100Md/R, where vw is the ve-
locity of the mass loss outflow). Vertical dashed lines show
the temperature of the CS dust as a function of R.
Figure 4 shows that the upper limits forMd, as obtained
in the argument using the NIR echo (with the shell model),
are Md ∼
< 10−5M⊙ for the CS dust at R ∼
< 0.01 pc, Md ∼
<
10−4M⊙ at R ∼ 0.03 pc, and Md ∼
< 10−2M⊙ at R ∼ 0.1
pc. Beyond this radius, the results are especially sensitive
to the quality of the observational data, as essentially one
needs still-rare late-time photometry for the Ks-band. The
strongest constraints for R ∼
> 0.1 pc are obtained for SNe
2000cx, 2001el, and 2003hv, which are only three examples
to date having the late time Ks-band photometry at ∼ 1
year. For these SNe, Md ∼
< 0.01M⊙ is derived for R ∼ 0.4
pc. At R ∼
> 1 pc, even the NIR bands are too blue; thus,
we can only provide a very loose constraint on the CS dust
mass as Md ∼
< 1M⊙, even for the best-case scenario (SN
2003hv). To probe the CS dust beyondR ∼ 1 pc, mid- or far-
IR observations should be more effective (Johansson et al.
2013, 2014).
The derived upper limits are sufficiently tight to con-
strain the origin of the non-standard extinction as a scat-
tered echo, as proposed by Wang (2005) and Goobar (2008).
The resulting upper limit for the optical depth in theB-band
is generally ∼
< 0.1 for the CS dust at R ∼
< 0.1 pc. At R ∼
> 0.1
pc, the constraint is weaker, but for a few SNe, we place the
constraint as τa(B) ∼
< 0.01 at R ∼ 0.4 pc. Above R ∼ 1
pc, the upper limit is consistent with τa(B) ∼ 1. These val-
ues should be compared to the requirement that the optical
c© 2014 RAS, MNRAS 000, 1–13
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Figure 5. Deeper upper limit on the amount of CS dust as a function of R (distance to the CS dust), for the shell CSM (a), the ring-like
CSM viewed from the equator (b) and from the polar direction (c), and the bipolar blob-like CSM as viewed from the equator (d) and
from the polar direction (e). Here, an upper limit is placed on the requirement that the resulting echo flux must be below the difference
between the observed magnitude and the template magnitude. The deeper limit is shown by the open squares (blue, green, and red
constrained in J , H, and Ks, respectively); the conservative limit is shown as filled grey squares to show the potential for improvement
in the constraint.
depth must be at an order of unity for the scattered echo
to have a substantial effect on the extinction law. From this
analysis, we conclude that it is difficult for the scattered
echo to be a general origin of the non-standard extinction
law toward SNe, as long as the CS dust is placed at R ∼
< 0.1
pc. A possibility that the CS dust at R ∼
> 1 pc creates the
non-standard extinction law is not rejected, although cate-
gorising it as ‘CS’ dust is questionable (see below). A dust
shell at R ∼ 0.1 − 1 pc is rejected for some SNe Ia when
the late-time Ks-band data are available, but not generally
constrained due to a lack of such data.
The above constraints are for the shell model. One
might guess that the constraint would be weakened if the
CS dust is confined in a specific direction, e.g., in an equa-
torial ring or in bipolar blobs, as the CS dust mass required
to create τa(B) ∼ 1 should be reduced. While this is true,
several additional effects must be considered. First, the shell
model does indeed provide the most conservative upper limit
on the CS dust mass. If one confines the same amount of CS
dust in a specific direction, then the local density increases.
This generally results in larger luminosity at a specific epoch
than in the corresponding shell model, and thus a tighter
limit on Md is obtained using the observational data at the
corresponding epoch (Fig. 2). For example, the edge-on ring
model predicts a larger luminosity than the shell model with
the same CS dust mass at the beginning and the end of the
NIR echo. In contrast, the same model viewed pole-on has
a shorter duration and a larger luminosity. This large lumi-
nosity in the ring model is achieved when the emission at the
ring-edge reaches the observer. A similar argument applies
to the blob model.
As for the required CS dust mass within the scattering
echo model for the extinction law, it is true that the required
mass is reduced for an edge-on observer to the ring-like CS
dust structure (Fig. 4). However, for the pole-on case, this
effect is compensated for by an increase in the predicted lu-
minosity (Fig. 2). Thus, the resulting upper limit for τa(B)
in the pole-on ring model is similar to that of the shell model
(Fig. 4). Statistically, there must be edge-on and pole-on
counterparts; the NIR echo constraint in this paper, using
a number of SNe, is sufficiently strong to reject this possi-
bility. If one introduces a more confined configuration, then
this increases the likelihood that it will not be viewed from
that direction. In addition, for a pole-on observer to have a
substantial scattering effect, the time required for light to
travel to the CS dust must be shorter than the rising time of
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8 K. Maeda et al.
SNe Ia (i.e., ∼ 15− 20 days), and therefore the CS dust be-
yond R ∼ 0.02 pc never affects the extinction law if viewed
pole-on.
The above argument should be slightly modified for a
very confined case, such as when considering the bipolar blob
geometry. Similar to the ring-like geometry, the upper lim-
its on the CS dust mass for a bipolar blob are comparable
to or deeper than the corresponding shell model, depending
on the viewing direction. If this is converted into the opti-
cal depth, the derived upper limits are indeed not extremely
strong to readily reject the multiple scattering model for the
extinction law, i.e., τa(B) ∼ 1 (Fig. 4). However, in this case,
the amount of scattered photons should already be limited,
due to a small opening angle subtended by the distribution
of CS dust. In summary, introducing the confined CS ge-
ometry does not help interpret the non-standard extinction
law as generally having come from CS scattered light. SNe
suffering a substantial ‘CS’ scattering echo effect must be
limited to at most only a fraction of SN Ia samples.
For the CS dust to have originated from the mass loss
of a progenitor, the CS gas mass should be ∼
< a fewM⊙, i.e.,
Md ∼
< a few ×10−2M⊙. This amount of CS dust can create
a substantial scattering effect, only if R ∼
< 0.2 pc, even if
we use the conservative requirement τa(B) ∼ 0.1 (or ∼ 0.05
pc if we adopt τa(B) ∼ 1). We generally reject such a large
amount of CS dust at R ∼
< 0.2 pc (see above). Therefore,
if the echo scenario is to be a general origin of the non-
standard extinction law, then the dust must indeed be ISM
in origin, located at R ∼
> 0.2 pc.
One may question what implications this mass loss rate
may have for the progenitor scenario. Indeed, the CS scat-
tering model requires a much larger amount of CSM, com-
pared to that predicted by typical progenitor scenarios. Our
limit is M˙ ∼
< 10−6M⊙ yr
−1 for the mass-loss wind velocity
of ∼ 10 km s−1 below 0.01 pc, or, in the final ∼ 400 years
before the explosion. This is not as strong as the constraint
from radio and X-rays (e.g., M˙ ∼
< 10−9M⊙ yr
−1 for the same
velocity, for SN 2011fe: Chomiuk et al. 2012; Margutti et al.
2012). However, we emphasise that radio and X-rays probe
the materials inside R ∼ 3× 10−3 pc; our proposed method
using the NIR echo can extend the constraint by an order
of magnitude in the spatial dimension (or to the past before
the explosion), making our limit independent and unique.
From the present analysis (see below for possible improve-
ment), the only scenario that can be marginally rejected, for
normal SNe examined in this paper, is a symbiotic system.
However, we do note that SNe Ia resulting from this path
may appear as an atypical SN Ia (Dilday et al. 2012).
Thus far, our limit has been rather conservative, and
is based on the condition that the echo luminosity cannot
exceed the observed one. However, most of the light should
have originated from a radioactive decay chain and subse-
quent thermalisation, as demonstrated by NIR spectroscopy
(Gerardy et al. 2007; Marion et al. 2009; Hsiao et al. 2013).
Given this observational fact, we can refine our limit as fol-
lows. First, attribute the template light curves in each band
to the SN light without any contribution of the possible NIR
echo; subtract the templates from the light curves from in-
dividual SNe; and then use the residual light curve (here we
take the absolute value if the subtraction results in a neg-
ative value) to place an upper limit on the CS dust mass.
Namely, we assume that the echo luminosity does not ex-
ceed the variation in the NIR light curves, seen in different
SNe. As a demonstration, in Fig. 3 (left panel) we show the
case of SN 2006X, for which a good light curve is available.
The figure shows that the magnitude of this residual light
curve is 1− 5 less than that of the original, highlighting the
standard nature of the NIR light curves.
Using this argument, much tighter constraints can be
obtained (as shown by the thin solid lines in Fig. 3). Figure
5 shows the results for SN 2006X. Because J- and H-band
data are of the best quality, following the template closely,
the upper limit for the CS dust mass, especially at R
∼
<
0.1 pc, improved significantly. For small R, the upper limit
was reduced by two orders of magnitude, which reflects a
residual light curve that was fainter than the original by
∼ 5 magnitudes. With this method, all of the models with
different geometric types result in τa(B) ∼
< 0.1 (τa ∼
< 0.01 for
most situations), robustly rejecting the CS scattering model
for the extinction law for this particular SN. The upper limit
for the mass loss rate is now M˙ ∼
< 10−7M⊙ yr
−1 for R ∼
< 0.01
pc, much deeper than the conservative limit, as described
earlier in this section.
4 DISCUSSION
4.1 Dust properties
In this paper, our analysis has been based on a particular
dust model, i.e., the LMC-type dust opacity. In this section,
we examine the effects of different types of CS dust. Figure 6
shows the ‘conservative’ limits on the CS dust mass derived
for (a) astronomical silicate and (b) amorphous carbon or
graphite, both for the shell model. Figure 7 shows the same
but for the ‘deeper limit’ for SN 2006X (i.e., Figure 5 but for
astronomical silicate or carbon). The opacities are calculated
using optical constants by Draine (2003) and Zubko et al.
(1996). To the first approximation, the behaviour can be
understood by the difference in a typical opacity for different
dust models, e.g., the opacity in the B-band. The opacity is
roughly a factor of two lower for silicate than the reference
LMC-like dust model; thus, the upper limit for the CS dust
mass is weakened by the same factor. The opacity is roughly
an order of magnitude higher for carbon than the LMC-like
dust model, and therefore the upper limit on the CS dust
mass is deeper for the carbon dust model by an order of
magnitude than our fiducial model.
However, these different constraints on the CS dust
mass would not substantially alter the constraints on the
ability of the CS dust to create the non-standard extinction
law. The optical depth itself is scaled by the same factor;
therefore, the upper limits on τa(B) would not change sub-
stantially.
4.2 Implications for some specific cases
Our results should be compared to SNe, in which a large
amount of dust is inferred either by the detection of an op-
tical (scattered) echo or other probes (e.g., narrow absorp-
tion systems). For example, we have obtained a tight limit
for the amount of CS dust for SN 2006X (Fig. 5), while this
SN was detected in a scattered echo (Wang et al. 2008); its
c© 2014 RAS, MNRAS 000, 1–13
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Figure 6. Same as Fig. 4, but (a) for astronomical silicate dust and (b) for amorphous carbon/graphite.
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Figure 7. Same as Fig. 5, but (a) for astronomical silicate dust and (b) for amorphous carbon/graphite.
optical spectrum at ∼ 1 year after the explosion showed
a blue echo component, indicating τa(B) ∼ 1. In contrast,
we obtained the constraint that τa(B) < 1, as long as the
echo source is at R ∼
< 0.4pc (or even τa ∼
< 0.01 at R ∼
< 0.1
pc). Taken together, the detected echo in SN 2006X must be
created by ISM, as suggested by Crotts & Yourdon (2008)
using Hubble Space Telescope (HST) data. To date, even for
cases where an (optical) echo is detected, evidence of a CS
echo remains weak.
Another example is highly extinct SN Ia 2014J in
M82. No variability has been found in the narrow absorp-
tion lines (e.g., Goobar et al. 2014). Foley et al. (2014)
have claimed temporal evolution in RV , while no appar-
ent variability has been detected in polarisation measure-
ments (Kawabata et al. 2014). While a consistent interpre-
tation for all of these features has yet to be reached, it seems
that together they suggest that the CS scattering scenario
is unlikely, but perhaps a combination of multiple scattering
and true absorption at the ISM scale could provide a consis-
tent solution. Indeed, detection of an echo has been reported
for SN 2014J through high-resolution HST images at ∼ 230
days after the explosion (Crotts 2015). This has been inter-
preted as echoes originating at the interstellar scale. At this
epoch, the SN still dominates the light in the vicinity of the
SN and no strong signature of the echo from the CS dust
has been obtained (see also Johansson et al. 2014).
In Fig. 8, we show the results of simulated Ks-band
images of an echo from the CS dust located at R = 1 pc for
different geometries, for an SN at 3.8 Mpc. For the ring and
blob geometries, we have adopted θ0 = 30
◦ and the viewing
direction of 45◦ for the purpose of demonstration. The model
images are convolved with a Gaussian kernel of 0.1 arcsec
to roughly simulate observations by HST; the Narrow field
channel of HST/NICMOS has a spatial resolution of ∼ 0.14
arcsec at ∼ 1.6µm. Thus our simulation could overestimate
the spatial resolution up to ∼ 50%, but it could anyway be
compensated by increasing the assumed physical scale of the
CS dust by the same factor. Note that these images are for a
‘pure’ echo component – if the projected echo size is smaller
than or comparable to the instrument’s spatial resolution,
then the SN must fade away below the level of the echo
luminosity to examine the geometry of the echo signal. Note
that there is a better chance to apply this exercise to later
epochs. Figure 8 shows the expected evolution covering ∼ 5
years, to investigate the possibility of distinguishing different
CS dust geometries if a CS dust echo is detected. Even for
nearby SN 2014J and using HST, probing the CS dust echo
using spatially resolved imagery can be difficult.
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Figure 8. Simulated images of a CS echo in the Ks-band, for an SN at a distance of 3.8 Mpc, observed with a spatial resolution of
0.1 arcsec. The distance to the CS dust is set as R = 1 pc. The images are created by smoothing the echo model by a Gaussian kernel
with 0.1 arcsec (shown by a green circle). The time evolution is shown from the left to the right, and different geometric models are
shown from top to bottom. An SN at this distance is represented by SN 2014J. The adopted resolution slightly overestimates the HST
resolution in the K-band (∼ 0.15 arcsec), but here it is adopted for the purpose of demonstration; since the angular size scales linearly
with the physical scale, this relative-flux map applies to the case with R = 1.5 pc if the angular resolution is worse by 50%.
For a ring-like structure, an elongated structure is vis-
ible when t ∼ R/c. For this particular bipolar blob model,
the echo ‘disappears’ when t ∼ R/c. For both models, there
is a (non-monotonic) shift in the centre of the echo light. The
size of this shift for these particular models is about half of
the spatial resolution, and could be detectable with preci-
sion astrometry techniques. These diagnostics could apply
to SN 2014J if the CS dust echo is detected in the future
following the SN luminosity decrease. Continuous HST high-
resolution observations are strongly encouraged.
4.3 Future possibility of high-resolution imaging
observations
While investigation of the CS echo through direct imaging
observations is currently limited by the spatial resolution of
∼ 0.1 arcsec at NIR wavelengths even with HST (§4.2), the
situation is expected to improve dramatically in the coming
decade. The planned James Webb Space Telescope (JWST)
will reach to a spatial resolution by a factor of ∼ 2.5 better
than HST. Furthermore, with the availability of NIR adap-
tive optics (AO) attached to 30 m class telescopes such as the
Thirty Meter Telescope (TMT), European Extremely Large
Telescope (E-ELT), and Giant Magellan Telescope (GMT),
spatial resolutions of ∼ 0.01 arcsec are expected. Figures
9 and 10 show synthesised images at different epochs for
an SN at a distance of 3.8 Mpc, surrounded by CS dust
shell/ring/blobs, as viewed with a spatial resolution of 0.01
arcsec (for the viewing direction of 45◦ as a specific exam-
ple). With this resolution, one can distinguish different CS
dust geometries, even for the CS dust located at R = 0.3
pc. For a spherically symmetric distribution, investigation
of the radial distribution is within reach, as seen by the hole
for the shell model. The ring and blob models show asym-
metric image profiles that are clearly different from the shell
model (but depend on the viewing direction). The shift of
the centre in these models should be easily resolved beyond
the spatial resolution – for example, using this shift, the blob
model is distinguishable from any spherically symmetric dis-
tribution.
An SN at a distance of 3.8 Mpc is a rare event, at an
observed rate of one per decade or two. Figures 11 and 12
show the same images, but for an SN at a distance of 15
Mpc. At this distance, we expect an event rate of roughly
one per year; thus, such observations are, in principle, an-
nual occurrences. For CS dust located at R = 0.3 pc around
an SN at a distance of 15 Mpc, as observed by TMT/E-
ELT/GMT (Fig. 11), the situation is similar to the case
shown in Fig. 8. An elongated profile of the ring distribu-
tion could be marginally resolved, and the shift in images
for asymmetrically distributed CS dust (e.g., ring or blobs)
could be detectable by a sub-spatial resolution astrometry.
For the CS dust at R = 1 pc, observations with a spatial
resolution of 0.01 arcsec can distinguish various CS dust ge-
ometries, given that such echo signals are detected.
Thus, we conclude that the proposed future high-
resolution NIR AO can open up a new window to exam-
ine the CS environment around nearby SNe. We note that
a target does not have to be one discovered after the new
instruments become available. For example, SN 2014J can
already be a target – assuming an observation at year 2024,
CS dust located at ∼
> 2 pc can still be investigated. Pilot
work on this measurement may already be possible with 8
m class telescopes approaching the diffraction limit (∼ 0.05
arcsec).
5 CONCLUSIONS
We investigated the effects of re-emission of SN photons
by CS dust for IR wavelengths. We have shown that this
effect allows observed IR light curves to be used to place
constraints on the position/size and the amount of CS dust.
We applied the method to observed NIR SN Ia samples, and
found that meaningful upper limits on the CS dust mass can
be derived, even under conservative assumptions.
Our results are summarised as follows:
(i) Md ∼
< 10−5M⊙ for the CS dust at R ∼
< 0.01 pc, Md ∼
<
10−4M⊙ at R ∼ 0.03 pc, and Md ∼
< 10−2M⊙ at R ∼ 0.1 pc.
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Figure 9. Simulated images of a CS echo in the Ks-band, for an SN at a distance of 3.8 Mpc as observed with a spatial resolution
of 0.01 arcsec (i.e., TMT,E-ELT, GMT). The distance to the CS dust is set as R = 0.3 pc. The images are created by smoothing the
echo model by a Gaussian kernel with 0.01 arcsec (shown by a green circle). The time evolution is shown from the left to the right, and
different geometric models are shown from top to bottom. An SN at this distance is represented by SN 2014J.
Figure 10. Same as Fig. 9, except that R = 1 pc.
(ii) The mass loss rate must be generally M˙ ∼
< 10−6M⊙
yr−1 up to R ∼ 0.04 pc, rejecting a symbiotic path as a main
population of the normal SNe Ia.
(iii) For a particular case of SN 2006X, a deeper limit is
obtained (see below): Md ∼
< 10−6M⊙ for the CS dust at
R ∼
< 0.01 pc, Md ∼
< 10−5M⊙ at R ∼ 0.03 pc, and Md ∼
<
10−3M⊙ at R ∼ 0.1 pc. The corresponding mass loss rate
(upper limit) is M˙ ∼
< 3× 10−8M⊙ yr
−1 up to R ∼ 0.004 pc
and M˙ ∼
< 10−7M⊙ yr
−1 up to R ∼ 0.01 pc.
(iv) The above upper limits become tighter if one consid-
ers a non-spherical CS distribution.
(v) The above upper limits become even tighter by an
order of magnitude for carbon dust.
From these results, we conclude the following regarding
the possibility of the dust-scattering scenario for the non-
standard extinction law toward SNe Ia:
(i) The ‘CS’ dust (at R ∼
< 1 pc) echo cannot be a general
explanation of the non-standard extinction law with regard
to SNe Ia. The scenario would work for at most a fraction
of SNe Ia, presumably at most, the highly reddened ones.
(ii) If the echo scenario is responsible for the extinction
law in general, then the dust must be located at R ∼
> 1 pc.
The required mass is, however, ∼
> 100M⊙; therefore, this
must be attributed to ISM rather than CSM.
We have also demonstrated an approach that allows
deeper limits to be applied. This involves first using the
standard nature of the NIR light curves. We demonstrated
this for SN 2006X, showing that the upper limit can be
deepened by two orders of magnitude from the conservative
limit, as given above. We suggest that further improvement
is possible by refining the analysis method along this line
via standardisation of the NIR light curves for a given sam-
ple and minimisation of the dispersion as a function of time.
This would allow a deeper limit to be placed on the mass loss
rate, potentially to the level to limit various models other
than the particular symbiotic scenario. Again, one of the
main advantages of the proposed method, compared to ra-
dio and X-ray constraints (which are indeed complementary
to the proposed method here), is the following: the limit to
the amount of dust placed by the NIR echo extends an or-
der of magnitude larger in the spatial dimension (or an order
of magnitude to the past in the time dimension), reflecting
the fact that the light speed (for the echo) is by an order
of magnitude faster than the shock velocity (for radio and
X-rays).
As we have shown in this paper, late-time photometry,
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Figure 11. Same as Fig. 9, but for an SN at a distance of 15 Mpc. On average, one SN per year has been discovered within 15 Mpc.
Figure 12. Same as Fig. 11, except that R = 1.0 pc.
even sparse, especially in the Ks-band, is essential to con-
strain dust (and gas) mass in the environment at R
∼
> 0.1
pc. Our method underlines the importance and usefulness of
such data. Our analysis is also highlighted by the possibili-
ties of (1) constraining the origin of the non-standard extinc-
tion law, and (2) constraining the CSM mass up to ∼ 1 pc,
namely the regimes that the other methods like radio and X-
ray diagnostics cannot probe. Because the data are still rare,
we propose increasing the sample of NIR/mid-IR SNe with
continuous observational efforts. Of course, if one wants to
go further toward the ISM regime, mid- and far-IR data are
important (Johansson et al. 2013, 2014), and a combination
of the early radio/X, early and late-time NIR, and late-time
mid-/far-IR, perhaps complemented by the absorption sys-
tem study (e.g., Phillips et al. 2013), will hopefully provide
a complete view of these issues.
We also investigated the possibility of studying the CS
dust distribution through high spatial resolution observa-
tions. Our results are summarised below.
(i) CS dust around SN 2014J could potentially be re-
solved by future HST observations, given that dense CS dust
shell/ring/blobs exist at R ∼
> 1 pc from the SN site.
(ii) Future NIR AO instruments attached to 30 m class
telescopes are capable of distinguishing various distributions
of CS dust, thus providing a powerful means for investigating
the CS environment around SNe Ia.
(iii) Such observations will be possible for nearby SNe at
a rate of roughly once a year.
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